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27 ABSTRACT 

28 In the present study, we investigated the roles of interactions among poly(A) tail, 

29 coronavirus nucleocapsid (N) protein and poly(A)-binding protein (PABP) in the 

30 regulation of coronavirus gene expression. Through dissociation constant (K ,i) 

31 comparison, we found that the coronavirus N protein can bind to the poly(A) tail with 

32 high affinity, establishing N protein as a PABP. A subsequent analysis with UV 

33 cross-linking and immunoprecipitation revealed that the N protein is able to bind to 

34 the poly(A) tail in infected cells. Further examination demonstrated that poly(A) tail 

35 binding by the N protein negatively regulates translation of coronaviral RNA and host 

36 mRNA both in vitro and in cells. Although the N protein can interact with PABP and 

37 eIF4G, the poor interaction efficiency between the poly(A)-bound N protein and 

38 eIF4E may explain the observed decreased translation efficiency. In addition to 

39 interaction with translation factor eIF4G, the N protein is able to interact with 

40 coronavirus nonstructural protein 9 (nsp9), a replicase protein required for replication. 

41 Together, the study demonstrates interactions among the poly(A) tail, N protein and 

42 PABP both in vitro and in infected cells. Of the interactions, binding of poly(A) tail to 

43 N protein decreases the interaction efficiency between the poly(A) tail and eIF4E, 

44 leading to translation inhibition. The poly( A)-dependent translation inhibition by N 

45 protein has not been previously demonstrated and thus extends our understanding of 

46 coronavirus gene expression. 

47 

48 IMPORTANCE Gene expression in coronavirus is a complicated and dynamic 

49 process. In this study, we demonstrate coronavirus N protein is able to bind to the 

50 poly(A) tail with high affinity, establishing N protein as a PABP. We also show how 

51 the interplay between coronavirus 3’-poly(A) tail, PABP and N protein regulates gene 

52 expression of the coronavirus and host cell. Of the interactions, poly(A) tail binding 
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by the N protein negatively regulates translation and, to our knowledge, this inhibition 
of translation by binding of the N protein to poly(A) tail has not been previously 
studied. Accordingly, the study provides fundamental molecular details regarding 
coronavirus infection and expands our knowledge of coronavirus gene expression. 
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79 INTRODUCTION 

80 Members of the family Coronaviridae, order Nidovirales, are single-stranded, 

81 positive-sense RNA viruses with the largest known viral RNA genome, 26-32 

82 kilobases (kb) (1-3). The coronavirus genome consists of a 5’ cap, a 5’ untranslated 

83 region (UTR), open reading frames (ORFs), a 3’ UTR and a 3’ poly(A) tail. The 5’ 

84 two-thirds of the genome consists of two ORFs (ORF la and ORF lb) that encodes 16 

85 nonstructural proteins (nsps) with replicase activity. The other one-third of the 

86 genome largely consists of genes encoding structural proteins (3). During coronavirus 

87 infection, in addition to the replication of genomic RNA, coronaviruses synthesize a 

88 3’-coterminal nested set of subgenomic mRNAs (sgmRNAs) from which the 5’-most 

89 ORF is translated (3). 

90 The nucleocapsid (N) protein of coronaviruses, with a molecular weight of 50 to 

91 55 kDa, is abundantly produced during infection. It has been shown that N protein 

92 binds to different sites of the coronaviral RNA genome with various binding affinities 

93 (4-7). Furthermore, the binding of N protein to coronaviral RNA is more efficient than 

94 to non-coronaviral RNA (6); however, it has yet to be examined whether coronavirus 

95 N protein is able to bind to the poly(A) tail. In addition to its structural role in the 

96 formation of ribonucleoprotein, N protein has been shown to interact with coronaviral 

97 replicase proteins including nsps 2-3, nsp5, nsp8 and nsps 12-13 (8-14) and is 

98 required for efficient replication (15-19). Coronavirus nsp9 is a replicase protein and 

99 has been shown to be associated with polymerase nspl2 (20), essential for replication 

100 (21) and involved in the initiation of (-)-strand RNA synthesis (22); however, whether 

101 nsp9 is able to interact with N protein remains unknown. 

102 Poly(A)-binding protein (PABP), a 70-kDa cellular protein, is a ubiquitous 

103 cytosolic protein (23, 24). The binding of PABP to mRNA poly(A) tails is followed 

104 by interactions with eIF4G and other translation factors including eIF4E to constitute 
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105 a translation initiation complex, which mediates cellular mRNA circularization and 

106 enhances cap-dependent translation by facilitating ribosome recycling (24-26). The 

107 positive-strand coronavirus genome contains an m7GpppN-cap structure at the 5’-end 

108 and a poly(A) tail at the 3’-end, which are presumed to initiate translation in a way 

109 similar to that for cellular mRNA (3). 

110 During coronavirus infection, the positive-strand genome functions as a template 

111 for both the synthesis of viral proteins and replication of the genome. Accordingly, a 

112 conflict may occur between the translation and replication machineries, as the 

113 ribosomes are moving along the viral RNA in the 5’ to 3’ direction and the viral RNA 

114 polymerase is moving in the opposite direction (3’ to 5’). Therefore, a balance 

115 between these two processes must exist to enable efficient viral gene expression. In 

116 poliovirus, it has been demonstrated that the 5’-terminal cloverleaf on the viral 

117 genome functions as a regulator to control the use of the genome for translation or 

118 replication (27, 28). Binding of poly(C)-binding protein (PCBP) to this RNA structure 

119 facilitates viral translation (IRES-dependent translation), whereas interaction of the 

120 viral protein 3CD with this RNA structure represses translation and enhances 

121 replication. However, for coronaviruses, which employ a different translation 

122 mechanism (cap-dependent translation) from that of poliovirus, the strategy for 

123 coordinating the use of the positive-sense genome for translation or replication has yet 

124 to be determined. 

125 In this study, we show that the bovine coronavirus (BCoV) N protein can bind to 

126 a poly(A) tail with high affinity. We also demonstrate that poly(A) tail binding by the 

127 N protein negatively regulates translation of coronaviral RNA and host mRNA. 

128 Finally, we demonstrate interactions among the poly(A) tail, PABP and N followed by 

129 interactions with eIF4G, eIF4E and nsp9. Based on these data, we propose a model 

130 explaining how these interactions regulate gene expression during coronavirus 
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131 infection. 

132 

133 RESULTS 

134 Corona virus N protein binds to poly (A) tail with high affinity. It has been shown 

135 that N protein binds to different sites of the coronaviral RNA genome with various 

136 binding affinities (4-7); however, it has yet to be examined whether coronavirus N 

137 protein is able to bind to the poly(A) tail, a common structure in coronavirus genome, 

138 subgenomic mRNAs and cellular mRNA. For this, we first tested whether Escherichia 

139 co/z-expressed N protein (—65 kDa, Fig. IB) binds to the 32 P-labeled poly(A) tail 

140 using electrophoretic mobility shift assay (EMSA). As shown in Fig. 1C, N protein 

141 bound to the ' 2 P-labeled 65-nt poly(A) tail (lane 2). In addition, non-radiolabeled 

142 competitor 65-nt poly(A) tail was able to compete for this binding by N protein in a 

143 dose-dependent manner (lanes 3-5). Conversely, similar results were not found for the 

144 binding between N protein and yeast tRNA (lanes 6) or between 

145 glutathione 5-transferase (GST) and 32 P-labeled 65-nt poly(A) tail (data not shown). 

146 The data suggest that coronavirus N protein is able to bind to the poly(A) tail. 

147 As it is well characterized that PABP binds to poly(A) tails with high affinity, we 

148 postulated that the potential significance of the poly(A)-binding activity of N protein 

149 may be further emphasized if its binding affinity is similar to that of PABP. For this, 

150 increasing concentrations of N protein and PABP were separately incubated 

151 with ’ 2 P-labeled 65-nt poly(A) tail and then analyzed by EMSA. The percentage of 

152 bound RNA was then used to derive the dissociation constant (K d ) using the Hill 

153 equation and K d was calculated to be 28.4+3.9 and 17.8+1.2 nM for N protein and 

154 PABP (Figs. ID and IE), respectively, suggesting that N protein and PABP have 

155 similar binding affinities for the 65-nt poly(A) tail. Because the C-terminal domain 

156 (CTD) of N protein is mainly involved in oligomerization (29, 30) and the CTD of 
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157 PABP has also been reported to possess homodimerization activity (31), the multiple 

158 complexes shown in Figs. ID and IE resulting from such protein-protein interaction 

159 are not unexpected. 

160 To further characterize the poly (A)-binding activity of N protein, RNA probes 

161 with various sequence were synthesized (Fig. IF). The same RNA probes were also 

162 examined for their ability to interact with PABP. The K d for N protein and PABP 

163 with RNA probes containing the BCoV 3’-terminal 55 nts and poly(A) tails of 

164 decreasing lengths (55 nts+65A, 55 nts+45A, 55 nts+25A or 55 nts) increased (Fig. 

165 1G, left panel), suggesting that the length of the poly(A) tail is the main factor for 

166 increasing the binding efficiency of N protein and PABP to the RNA probes. In 

167 addition, the K d for N protein and PABP with 25-nt poly(A) tail was higher than that 

168 with the 65-nt poly(A) tail (Fig. 1G, left panel), further suggesting that N protein is a 

169 poly(A)-binding protein. Finally, as shown in Fig. 1G (right panel), K d for N protein 

170 and these non-poly(A) sequences containing various types of nts (BCoV-65nts and 

171 P-actin-65nts, respectively, Fig. IF) was ~4-5-fold higher than that for N and the 

172 65-nt poly(A) tail, suggesting that N protein has greater binding affinity for a poly(A) 

173 sequence than a non-poly(A) sequence containing various types of nts. Together, the 

174 results further suggest that coronavirus N protein, similar to PABP, binds to poly(A) 

175 tail with high affinity. 

176 

177 N protein is able to compete with PABP for binding to the poly(A) tail in vitro 

178 and in cells. To address the question of whether N protein is able to compete with 

179 PABP for binding to the poly(A) tail in an environment in which they co-exist in vitro, 

180 the l2 P-labeled poly(A) tail RNA probe was incubated with mixtures containing 

181 various molar ratios of N protein to PABP, followed by EMSA. The EMSA results of 

182 N protein or PABP binding to the poly(A) tail and the relative binding percentage are 
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183 illustrated in the upper and lower panels of Fig. 2A, respectively. As shown in Fig. 2A, 

184 upper panel, at molar ratios of N/PABP from 65.6 to 5.7 in lanes 3-7 (with the 

185 increase of PABP), a minor (complex 1, indicated by white dot in lane 3) and a major 

186 (indicated by white asterisk in lane 3) RNA-protein complex were observed. Since the 

187 major complexes in lanes 3-7 corresponded to N-RNA complex in lane 2, the 

188 preferential binding of 65-nts poly(A) tail to N protein was determined at molar ratios 

189 between 5.7-65.6. With further increase of PABP (i.e., decreased molar ratio of 

190 N/PABP from 4.0 to 1.9 in lanes 8-10), the minor complex (complex 1, indicated by 

191 white dot in lane 3) in lanes 3-7 became major complex in lanes 8-10, suggesting that 

192 the major complex (complex 1) consists of PABP and 65-nts poly(A) tail. 

193 Furthermore, with the increase of PABP in lanes 11-13, the complex 1 almost 

194 disappeared; however, complex 2 appeared, which corresponded to PABP-RNA 

195 complex in lane 14. Together, since the major complex in lanes 8-13 consists of 

196 PABP and 65-nts poly(A) tail, the preferential binding of 65-nts poly(A) tail to PABP 

197 was determined at molar ratios between 0.6-4.0 (lanes 8-13). Note that a small amount 

198 of N protein (-15%, Fig. 2A, lower panel) still bound to the poly(A) tail when the 

199 molar ratio of N protein to PABP was from 3.0 to 4.0 (lanes 8 and 9). Based on these 

200 results, it was concluded that N protein can compete with PABP for binding to the 

201 poly(A) tail in vitro, even though at the same molar ratio (lane 12), PABP exhibits 

202 better binding affinity to poly(A) tails than N protein. 

203 To determine whether N protein is able to bind to poly(A) tail in infected 

204 cells, l2 P-labeled 65-nt poly(A) tail was transfected into BCoV- or mock-infected 

205 cells and UV cross-linked. Cell lysates were collected and an antibody against PABP 

206 or N protein was employed to immunoprecipitate PABP or N protein followed by 

207 RNase treatment. As shown in Fig. 2B, left panel, antibody against PABP 

208 immunoprecipitated a ~70-kDa protein from mock-infected and BCoV-infected cells 
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209 (lanes 4 and 5, respectively); however, in Fig. 2B, right panel, antibody against N 

210 protein immunoprecipitated a ~50-kDa protein from BCoV-infected cell (lane 5) but 

211 not the mock-infected cell (lane 3). The results suggest that, in addition to PABP, N 

212 protein is able to bind to the poly(A) tail in infected cells. 

213 

214 Determination of molar ratio of N protein to PABP in subcellular locations at 

215 different stages of infection. As shown in Fig. 2A, the molar ratio of N protein to 

216 PABP plays a role in poly(A) tail binding preference. In addition, it has been 

217 suggested that coronavirus replication can occur in a modified membrane-associated 

218 compartment (32). It was therefore speculated that molar ratios in subcellular 

219 locations of coronavirus-infected cells at different stages of infection may also be 

220 decisive regarding PABP or N protein binding preference for the poly(A) tail. Thus, 

221 subcellular fractions of cytosol and membrane were obtained at various time points of 

222 infection, and the amounts of N protein and PABP in each cellular fraction according 

223 to immunoblotting (Figs. 3A and 3B, upper panel) were quantified based on a 

224 standard curve obtained from known amounts of the proteins. As shown in Figs. 3A 

225 and 3B, middle and lower panel, the molar ratio of N protein to PABP in both cytosol 

226 and membrane was low (~0.4) during the initial infection, but increased (from -0.4 to 

227 -2.6 in cytosol and from -0.3 to -10.5 in membrane) at later infection stages. The 

228 results indicate that the amounts of N protein are increased in both cytosol and 

229 membrane at the later time points of infection. Thus, based on the results shown in 

230 Figs. 2 and 3, we speculate that the poly(A) tail may preferentially bind with PABP 

231 during the initial infection but with N protein in the later infection, especially in 

232 membrane-associated structures. 

233 

234 BCoV N protein inhibits viral translation both in vitro and in vivo. Because the 
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235 poly(A) tail is able to bind to N protein with high affinity (Fig. 1) and in infected cells 

236 (Fig. 2), we hypothesized that such binding may prevent the poly(A) tail on 

237 coronavirus RNA from interacting with translation factors, leading to translation 

238 inhibition. To test the hypothesis, a BCoV defective interfering (DI) RNA, a surrogate 

239 for the coronavirus genome that has been extensively used for studies of coronavirus 

240 gene expression (33-37) (Fig. 4A), was engineered to express EGFP; the construct 

241 was designated DI-EGFP. For in vitro translation analysis, DI-EGFP with the 65-nt 

242 poly(A) tail was first incubated with various amounts of N protein (Fig. 4B) for 15 

243 min to allow the binding of N protein to the 65-nt poly(A) tail on DI-EGFP and then 

244 added to a rabbit reticulocyte lysate (RRF) for another 90 min. A similar experiment 

245 was performed however DI-EGFP was first incubated with PABP or GST. As shown 

246 in Fig. 4B, translation of DI-EGFP with a 65-nt poly(A) tail was inhibited with 

247 increasing amounts of N protein but not PABP or GST (data not shown). To test 

248 whether the inhibition was due to the effect of N protein on the RRF, various amounts 

249 of N protein were first incubated with RRF for 60 min, and then DI-EGFP with the 

250 65-nt poly(A) tail was added. The translation efficiency of DI-EGFP, however, was 

251 not altered (data not shown), indicating that N protein at these concentrations had no 

252 effect on the translation efficiency of RRF. Accordingly, the reduced translation 

253 efficiency shown in Fig. 4B was due to the binding of N protein with DI-EGFP but 

254 not the effect of N protein on RRF. Furthermore, it has been shown that translation 

255 using RRF still occurs with an mRNA lacking a poly(A) tail although the translation 

256 efficiency is affected (38). Consequently, we hypothesized that if the decreased 

257 translation efficiency was due to the binding of N protein to the poly(A) tail, 

258 translation efficiency of poly(A)-deficient DI-EGFP is not altered with increasing 

259 amounts of N protein. To test this, poly(A)-deficient DI-EGFP was generated, 

260 incubated with various amounts of N protein for 15 min and then added to the RRF. 
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261 As shown in Fig. 4C, the translation efficiency was not significantly affected with 

262 increasing amounts of N protein, suggesting that the decreased translation in Fig. 4B 

263 may be mostly due to the interaction between N protein and poly(A) tail. Taken 

264 together, because N protein apparently had no effect on the translation efficiency of 

265 RRL (data not shown) and on translation efficiency of poly(A)-deficient DI-EGFP 

266 (Fig. 4C), the inhibitory effect of translation shown in Fig. 4B may be attributed to 

267 interaction between the poly(A) tail and N protein. Note that after in vitro translation 

268 in RRL the amounts of DI-EGFP at various concentrations of N protein were not 

269 significantly altered, indicating that the stability of DI-EGFP is not a factor affecting 

270 the translation efficiency. It was therefore concluded that N protein is able to inhibit 

271 viral translation by binding to the viral poly(A) tail in vitro. 

272 To further assess whether translation inhibition by N protein also occurs in vivo, 

273 the N protein or Flis-P-actin transcript was transfected into HEK-293T cells followed 

274 by transfection of DI-EGFP with a 65-nt poly(A) tail (Fig. 4D, left panel) or by 

275 infection of BCoV (Fig. 4F, left panel). Cell lysates were harvested and analyzed by 

276 immunoblotting to quantitate the translation efficiency of DI-EGFP and coronavirus 

277 nspl (representing genome expression). As shown in Fig. 4D, right panel and Fig. 4E, 

278 inhibition of the DI-EGFP translation was observed in cells transfected with the N 

279 protein transcript at 3, 8 and 16 h in comparison with those transfected with the 

280 His-P-actin transcript, suggesting that N protein is able to inhibit translation of 

281 DI-EGFP in vivo. The similar inhibition results were also obtained in cells infected 

282 with BCoV (Fig. 4F, right panel and Fig. 4G), suggesting N protein can inhibit 

283 translation of coronavirus genome. Note that the levels of DI-EGFP RNA (Fig. 4D) 

284 and viral genomic RNA (Fig. 4F) were similar between the groups at the same time 

285 point as confirmed by RT-qPCR (data not shown). Therefore, based on the results of 

286 the in vivo binding of N protein to poly(A) tail (Fig. 2B) and the in vitro analyses 
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287 shown in Figs. 4B and 4C, the inhibitory effect of N protein on translation of 

288 DI-EGFP and BCoV in vivo may at least be partly attributable to the binding of N 

289 protein to the poly(A) tail on DI-EGFP and BCoV genome. 

290 

291 BCoV N protein modulates translation of host mRNAs both in vitro and in vivo. 

292 To examine whether the binding of N protein to the poly(A) tail of mRNA also 

293 inhibits host mRNA translation, a P-actin transcript with 65-nt poly(A) tail was first 

294 incubated with N protein to form an N protein-poly(A) complex and then subjected to 

295 an in vitro translation assay with the RRL. As shown in Fig. 5A, expression of P-actin 

296 transcripts was inhibited with increasing amounts of N protein. As with the in vitro 

297 translation assay for DI-EGFP (Fig. 4), to further determine whether the inhibitory 

298 effect was due to the binding of N protein to the poly(A) tail, a poly(A) tail-deficient 

299 P-actin transcript was first incubated with various amounts of N protein followed by 

300 the assay. However, inhibition was not observed (Fig. 5B), as no significant 

301 difference in expression of the poly(A) tail-deficient P-actin transcript was observed 

302 with increasing amounts of N protein. These results (Figs. 5A and 5B) suggest that 

303 binding of N protein to the poly(A) tail of the P-actin transcript is a major factor 

304 leading to translation inhibition. 

305 In addition to individual cellular mRNAs in vitro, inhibition of host mRNA 

306 translation by N protein was also examined globally in cells. For this, the N protein 

307 transcript or His-tagged P-actin transcript was independently transfected into 

308 HEK-293T cells for 1 h, after which the cells were incubated for 3 h in the presence 

309 or absence of actinomycin D. After addition of actinomycin D, the cells were labeled 

310 with [ 35 S]-methionine for 8 h, and equal amounts of cell lysate were analyzed by 

311 SDS-PAGE. As shown in the left panel of Figs. 5C and 5D, inhibition of host protein 

312 synthesis was not apparent in cells not treated with actinomycin D; however, with 
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313 actinomycin D treatment, synthesis of host proteins in cells transfected with the N 

314 protein transcript was decreased by -one-third in comparison with that in cells 

315 transfected with the His-tagged (J-actin transcript or with mock transfected (Fig. 5C, 

316 left panel and Fig. 5D, right panel). The fact that the efficiency of N protein inhibition 

317 was better in actinomycin D-treated cells than in untreated cells may indicate that in 

318 the absence of nascent mRNA synthesis, expressed N protein was involved in 

319 interaction with preexisting mRNAs, leading to inhibition of host protein synthesis. In 

320 addition, the levels of host mRNA (represented by GAPDH mRNA) were similar (Fig. 

321 5C) between the groups treated with actinomycin D as confirmed by RT-qPCR (data 

322 not shown) and thus were not affected by the expressed N protein. Thus, it was 

323 concluded that in addition to coronaviral RNA, N protein is also able to globally 

324 inhibit host mRNA translation, and based on in vitro results (Figs. 5A and 5B), such 

325 inhibition in cells may at least partly result from the binding of N protein to the 

326 poly(A) tail. 

327 

328 Interactions among the poly(A) tail, N protein and PABP. To elucidate the 

329 possible mechanism by which interactions among the poly(A) tail, N protein and 

330 PABP regulate gene expression, we first determined whether a poly(A) tail is able to 

331 interact with both the N protein and PABP using lysates of infected cell. For this, an 

332 84-nt biotinylated RNA, consisting of 19 non-poly(A) nts (containing 

333 biotin-conjugated uridine) followed by a 65-nt poly(A) tail, was synthesized and 

334 incubated with cell lysates followed by a streptavidin pull-down assay and 

335 immunoblotting. As shown in Fig. 6A (lane 1), both the N protein and PABP were 

336 detected (indicated by asterisks), demonstrating poly(A) tail interaction. To ensure 

337 that the detection of the N protein and PABP was in fact due to interaction with the 

338 poly(A) tail and not with the 19 non-poly(A) residues, a biotinylated RNA containing 
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339 the 19 non-poly(A) nts was also used. However, neither were observed (data not 

340 shown) by immunoblotting, confirming that the 65-nt poly(A) tail, and not 19 

341 non-poly(A) nts, can interact with both the N protein and PABP from infected cell 

342 lysates. We next addressed whether the N protein is able to directly bind to the PABP 

343 by performing a pull-down assay, in which purified His-tagged PABP (Fig. 6B, left 

344 panel) was bound to Ni-NTA beads and mixed with purified untagged N protein (Fig. 

345 6B, right panel). As shown in Fig. 6C, untagged N protein (left panel, lane 1) was 

346 co-pelleted by His-tagged PABP, suggesting that the N protein can physically bind to 

347 the PABP. Finally, we assessed whether the N protein is able to interact with the 

348 PABP from infected cell lysates by incubating Ni-NTA beads with His-tagged N 

349 protein and infected cell lysates and subjecting the elute to immunoblotting with an 

350 antibody against PABP. As shown in Fig. 6D, a signal at ~70 kDa representing the 

351 cellular PABP was observed (left panel, lane 1), suggesting that the N protein is able 

352 to interact with cellular PABP from infected cell lysates. Consistently, the reciprocal 

353 pull-down assay with His-tagged PABP demonstrated that the PABP can interact with 

354 the N protein from infected cell lysates (Fig. 6D, right panel, lane 1). To determine 

355 whether RNA bridging is essential for such interaction, RNase treatment was included 

356 in the pull-down assay. As shown in Fig. 6D, both the PABP (left panel, lane 6) and N 

357 protein (right panel, lane 5) were detected, suggesting RNA bridging is not a 

358 requirement for the interaction between the two proteins. Taken together, it was 

359 concluded that the poly(A) tail can interact with both the N protein and PABP from 

360 infected cell lysates. In addition, the N protein is able to physically bind to the PABP 

361 in vitro and to interact with PABP from infected cell lysates. 

362 

363 Interactions of the poly(A) tail and N protein with translation factor eIF4G and 

364 coronavirus replicase protein nsp9. To further examine the role of the poly(A) tail 
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365 and N protein in gene regulation, we first determined whether the poly(A) tail is able 

366 to interact with eIF4G and nsp9, a coronavirus replicase protein that is associated with 

367 polymerase nspl2 (20), is essential for replication (21) and is involved in the initiation 

368 of (-)-strand RNA synthesis (22). To this end, the 84-nt biotinylated RNA described 

369 above (consisting of 19 non-poly(A) nts followed by 65-nt poly(A) tail) were used in 

370 the streptavidin pull-down assay. As shown in Fig. 7A, both eIF4G (left panel, lane 1) 

371 and coronavirus nsp9 (right panel, lane 1) were detected by immunoblotting, though 

372 they were not observed with the biotinylated RNA containing only the 19 non-poly(A) 

373 tail nts (data not shown), suggesting that the 65-nt poly(A) tail is able to interact with 

374 eIF4G and coronavirus nsp9 from infected cell lysates. We next performed the 

375 pull-down assay with Ni-NTA beads to determine whether the N protein is able to 

376 interact with eIF4G in infected cells. In this case, eIF4G was not detected when using 

377 infected cell lysates treated with or without RNase (Fig. 7B, lane 1 and lane 7, 

378 respectively) but was detected when using mock-infected cell lysates treated with or 

379 without RNase (Fig. 7B, lane 2 and lane 8, respectively). To address whether the lack 

380 of eIF4G detection was due to the His-tagged N protein being outcompeted by 

381 endogenous N in infected cell lysates, a pull-down assay with protein G beads 

382 followed by incubation with an antibody against N protein was employed. Indeed, 

383 eIF4G was detected in the absence or presence of RNase (Fig. 7C, lane 1 and lane 6, 

384 respectively), suggesting that the N protein can interact with eIF4G from infected cell 

385 lysates without the assistance of RNA. Our results show that the N protein is able to 

386 bind to the poly(A) tail, yet it is possible that at least a portion of the detected 

387 coronavirus nsp9 in Fig. 7A is due to its interaction with the N protein. Another 

388 pull-down assay was performed to investigate this possibility. As shown in Fig. 7D, 

389 lane 2 and lane 7, nsp9 was detected in infected cell lysates in the absence or presence 

390 of RNase treatment, respectively, suggesting that the N protein is able to interact with 
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391 nsp9 without an RNA bridge. These data suggest that both the poly(A) tail and N 

392 protein are able to interact with the translation factor eIF4G and replicase protein 

393 nsp9. 

394 

395 Poly(A)-bound N protein interacts efficiently with eIF4G but not eIF4E. To 

396 further examine the translation inhibition caused by binding of the N protein to the 

397 poly(A) tail, we next assessed whether N can interact with the translation factor eIF4E. 

398 For this, a fixed concentration of biotinylated RNA consisting of 19 non-poly(A) nts 

399 followed by the 65-nt poly(A) tail was first incubated with increasing amounts of N (2, 

400 4 and 6 pM) and then with mock-infected cell lysates followed by a streptavidin 

401 pull-down assay. In this context, the N protein interacted with eIF4G efficiently (Fig. 

402 8A, lanes 4-6, panel 1), whereas the amount of eIF4E detected decreased (Fig. 8A, 

403 lanes 4-6, panel 2) with an increase in N protein (Fig. 8A, lanes 4-6, panel 4), 

404 suggesting that the poly( A)-bound N protein cannot interact efficiently with eIF4E. 

405 Note that the binding efficiency between the aforementioned biotinylated RNA and 

406 the input PABP or N protein increased with increasing amounts of input PABP or N 

407 protein as confirmed by immunoblotting shown in panels 3 (lanes 1-3) and 4 (lanes 

408 4-6), respectively. With regard to the observed eIF4E (Fig. 8A, lane 4, panel 2), we 

409 interpret that the biotinylated poly(A) tail not bound to N, which resulted from 

410 insufficient binding of N to the biotinylated poly(A) tail due to the reduced amount of 

411 input N protein (2 liM), was still able to bind to PABP and then eIF4G and eIF4E, 

412 leading to detection of eIF4E (Fig. 8A, lane 4, panel 2). Accordingly, with an 

413 increasing amount of input N protein, the biotinylated poly(A) tail was almost all 

414 bound and thus was unable to interact with eIF4E (Fig. 8A, lanes 5-6, panel 2), 

415 supporting the above argument. 

416 To further determine whether the poly(A) tail is able to interact with eIF4G, 
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417 eIF4E and replication factor nsp9 in infected cells, lysates at different time points of 

418 coronavirus infection were incubated with a biotinylated RNA consisting of 19 

419 non-poly(A) nts followed by the 65-nt poly(A) tail followed by streptavidin pull-down. 

420 As shown in Fig. 8B, levels of eIF4G and eIF4E were decreased (lanes 4-6, panels 1 

421 and 2, respectively) with increasing N protein (lanes 4-6, panel 4), whereas nsp9 was 

422 increased (lanes 4-6, panel 3). These results suggest that in infected cells, the poly(A) 

423 tail is able to interact with eIF4G and eIF4E but that the efficiency is decreased with 

424 increasing amounts of N protein. Because the N protein can interact with coronaviral 

425 replicase proteins (8-14), we speculate that these viral proteins compete with eIF4G 

426 for interaction with N in infected cells, which in our assay would lead to reduced 

427 detection of eIF4G. This argument is supported by the increased amounts of nsp9 

428 detected (Fig. 8B, lanes 4-6, panel 3), which is also able to interact with the N protein 

429 (Fig. 7). Furthermore, the amount of eIF4E detected (Fig. 8B, lanes 4-6, panel 2) may 

430 be attributed to the input biotinylated poly(A) tail being bound by PABP followed by 

431 eIF4G and eIF4E. In line with this argument, the reduced amount of eIF4E detected 

432 (Fig. 8B, lanes 4-6, panel 2) may have resulted from the increased level of poly(A) 

433 -bound N protein, which, based on the results shown in Fig. 8A, cannot interact with 

434 eIF4E. Together, the poor interaction efficiency between the poly(A) -bound N 

435 protein and eIF4E (Fig. 8A) and the decreased interaction efficiency between the 

436 poly(A) tail and eIF4G and eIF4E in infected cells (Fig. 8B) may explain the results 

437 of decreased translation efficiency observed in coronaviruses and host cells (Figs. 4 

438 and 5). 

439 

440 DISCUSSION 

441 In the present study, we provide evidence for interactions among the poly(A) tail, N 

442 protein and PABP both in vitro and in infected cells. We also demonstrate that poly(A) 
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443 tail binding by the N protein inhibits translation of both coronaviral RNA and host 

444 mRNA. Further examination revealed that both the poly( A) tail and N protein are able 

445 to interact with the translation factor eIF4G and replicase protein nsp9. Flowever, the 

446 poly(A)-bound N protein cannot interact efficiently with eIF4E. The mechanism by 

447 which the aforementioned interactions regulate gene expression in coronaviruses and 

448 host cells and the biological relevance of such interactions are discussed below. 

449 It has been demonstrated that the binding of PABP to a poly(A) tail (39) 

450 followed by eIF4G and eIF4E binding to form a translation initiation complex is 

451 required for efficient protein synthesis. In the current study, we showed that an N 

452 protein-bound poly(A) tail can interact with eIF4G but largely cannot interact with 

453 eIF4E (Fig. 8). Therefore, such an inefficient interaction may affect the constitution of 

454 a stable translation initiation complex, leading to decreased translation efficiency, as 

455 shown in Figs. 4 and 5. It is known that eIF4G can bind to eIF4E; however, the 

456 mechanism by which the poly(A)-bound N protein is able to interact with eIF4G but 

457 not with eIF4E remains to be experimentally elucidated. It has been suggested that 

458 allosteric interactions mediated by the poly(A) tail, PABP, eIF4G, and eIF4E are 

459 critical for translation initiation (39-41) and that molecules such as 4EGI-1 (42) and 

460 eIF4E-binding proteins (4EBPs) (43) are also involved in these interactions. Therefore, 

461 it is possible that binding of the N protein to eIF4G may cause a conformational 

462 change in eIF4G and thus decrease the binding efficiency with eIF4E. Alternatively, 

463 the N protein may use the same binding site as utilized for eIF4E to bind to eIF4G; 

464 thus, once eIF4G is bound to the N protein, eIF4G cannot bind to eIF4E, leading to 

465 undetectable eIF4E in pull-down assays. These arguments are in agreement with 

466 results of an in vitro translation assay (Figs. 4B and 5A) in which the poly(A) tail was 

467 first bound by the N protein, resulting in decreased translation efficiency. Accordingly, 

468 such a mechanism (binding of N to the poly(A) tail) may explain, in part, why 
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469 translation was inhibited in cells (Figs. 4D-G and 5C-D). To our knowledge, the 

470 translation inhibition caused by the binding of N to the poly(A) tail has not been 

471 previously documented for coronaviruses. 

472 Regarding cellular rnRNA, as argued above, binding of N to the poly(A) tail can 

473 inhibit translation, possibly preventing the use of mRNA for gene expression. 

474 Nevertheless, the outcome of such binding may not be applicable to coronavirus 

475 genomic RNA and subgenomic mRNA (sgmRNA) because the N protein can interact 

476 with viral replicase proteins (8-14) and nsp9 (the current study; Fig. 7). We speculate 

477 that, in addition to translation inhibition, N protein binding to the poly(A) tail 

478 followed by interaction with replicase protein may be a highly important task for 

479 coronavirus RNA species including sgmRNA (44). Thus, further study is required to 

480 demonstrate the biological relevance of the interaction. One may argue that the 

481 poly(A) tail of cellular mRNA may also be bound by the N protein followed by 

482 interaction with these replicase proteins. However, because cis- acting elements 

483 located at the 5’- and 3’-termini of the coronavirus have been demonstrated to be 

484 required for coronavirus replication (45), lack of these elements in cellular mRNA 

485 would explain the above argument. 

486 According to the elegant model proposed by Hurst et al. (10), after release of an 

487 N protein-bound viral genome into the cell, displacement of the N protein from the 5’ 

488 two-thirds of the genome may allow replicase proteins to be translated, including nsp3. 

489 This translated nsp3 then associates with infecting (residual) N protein, which is 

490 bound to the 3’ end of the incoming viral genome, and tethers the complex to the 

491 endoplasmic reticulum (ER). Based on the results of the current study, we propose a 

492 modification of this model with more details, as follows. Because coronavirus 

493 assembly occurs at the membrane (13), where the N protein concentration is higher 

494 than that of PABP (Fig. 3), we speculate that the incoming viral genomic poly(A) tail 
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495 may be bound by N protein. Additionally, because N has higher binding affinity for 

496 the poly(A) tail than for a non-poly(A) sequence (Fig. 1), it is possible that for the 

497 incoming viral genomic RNA, the N protein disassociates from all genome regions 

498 except the poly(A) tail, allowing translation of replicase proteins to occur. At this 

499 point, it can be expected that the translation efficiency may be decreased because the 

500 poly(A) tail is bound by N (Fig. 4). However, once nsp3 is synthesized, it can 

501 associate with the N protein and tether the N-poly(A)-bound genome to the replication 

502 complex at the ER (9, 10) for the first round of replication to synthesize a nascent 

503 genomic RNA and sgmRNA. 

504 During infection, the genome of the positive-sense RNA virus functions as a 

505 template for both translation and replication; therefore, these two processes must be 

506 regulated to enable efficient gene expression. In coronaviruses, however, the 

507 mechanisms by which the two processes are regulated remain unclear. Based on the 

508 results from the current study and others, (i) the poly(A) tail can be bound by PABP 

509 and function in translation (46); (ii) the poly(A) tail is a start site for (-)-strand RNA 

510 synthesis (47); (iii) the poly(A) tail can also be bound by the N protein with high 

511 affinity (Fig. 1); (iv) the N protein can interact with viral replicase proteins (8-14) and 

512 nsp9 (Fig. 5) and participates in replication (15-18); and (v) nsp9 is required for 

513 coronavirus replication (21) and is associated with the replication complex for 

514 (-)-strand initiation according to the model proposed by Ziist et al. (22). Altogether, 

515 we speculate that similar to the 5’-terminal cloverleaf in polioviruses (27, 28), the 

516 coronavirus 3’-poly(A) tail, which is required for both translation and replication (36, 

517 46), may function as a regulator to coordinate utilization of the genome for translation 

518 (binding to PABP) or replication (binding to N). Further experiments are required to 

519 demonstrated whether binding of the poly(A) tail to N protein is a key step needed to 

520 regulate the two processes. 
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521 Based on the data presented herein and reported by others, a mechanism by 

522 which interactions among the poly(A) tail, PABP and N protein regulate gene 

523 expression in coronaviruses is proposed, as illustrated in Fig. 9. At the early stage of 

524 infection, PABP is abundant (Fig. 3). The poly(A) tail of the coronavirus genomic 

525 RNA may predominantly be bound by PABP followed by interaction with other 

526 translation factors such as eIF4G and eIF4E (Fig. 8), leading to translation. With an 

527 increase in N protein in the later stage of infection (Fig. 3), binding of the N protein to 

528 poly(A) tails on coronavirus genomic RNA decreases the interaction efficiency 

529 between the poly(A) tail and translation factors such as eIF4E (Fig. 8), leading to 

530 translation inhibition. 

531 Although we understand that additional data are required to determine the role of 

532 binding of the poly(A) tail to N protein in the switch from genome translation to 

533 replication, we attempt to explain the potential gene regulation in coronaviruses based 

534 on the current findings with different viewpoints. First, in terms of an individual viral 

535 genomic RNA, binding of the poly(A) tail by PABP or the N protein may decide the 

536 subsequent function of the RNA. Second, in terms of the infection stage, the major 

537 proportion of viral RNA in the early stage of infection functions in translation via 

538 binding of the poly(A) tail by PABP, whereas in later stages, binding of the poly(A) 

539 tail by the N protein and subsequent replicase proteins downregulates translation and 

540 may lead to replication. Third, in terms of subcellular location, the N protein has been 

541 shown to accumulate at a modified membrane-associated compartment where 

542 coronavirus replication and assembly occur (32, 48). Thus, the findings of the study 

543 reporting that membrane levels of PABP are much reduced compared to the cytosolic 

544 fraction (49) support our results that a high molar ratio of N to PABP was detected in 

545 the membrane fraction (Fig. 3), leading to binding of the poly(A) by the N protein and 

546 possibly thereby directing the viral RNA toward replication. In addition, we argue that 
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547 the aforementioned interactions and their effects on the regulation of gene expression 

548 are stochastic, rather than an all-or-none process in the infected cells. 

549 In conclusion, we demonstrate interactions among the poly(A) tail, N protein and 

550 PABP, as well as those among the N protein and eIF4G and nsp9. Of the interactions 

551 shown in this study, binding of the poly(A) tail to PABP followed by eIF4G and 

552 eIF4E leads to translation. However, binding of poly(A) tail to N protein decreases the 

553 interaction efficiency between the poly(A) tail and eIF4E, leading to translation 

554 inhibition. In addition, whether binding of the poly(A) tail by the N protein followed 

555 by interaction with nsp9 may further direct viral RNA toward (-)-strand RNA 

556 synthesis remains to be determined. 

557 

558 MATERIALS AND METHODS 

559 Viruses, cells and antibodies. Human rectum tumor (HRT)-18 and HEK-293T 

560 cells were obtained from David A. Brian (University of Tennessee, TN) and 

561 maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

562 10% fetal bovine serum (FBS) (HyClone) and antibiotics at 37°C with 5% CO 2 . 

563 The plaque-purified Mebus strain of BCoV (GenBank accession no. U00735) was 

564 grown on an HRT-18 cell line as described (50, 51). Anti-N protein (BCoV) 

565 antibody and anti-nsp9 (BCoV) antibody were obtained from David A. Brian 

566 (University of Tennessee, TN). Antibodies used for this study are as follows: 

567 anti-EGFP antibody (GeneTex), anti-PABP antibody (Cell Signaling 

568 Technology), anti-eIF4G antibody (Cell Signaling Technology), anti-eIF4E 

569 antibody (Cell Signaling Technology), anti-GAPDH antibody (GeneTex), 

570 anti-calnexin antibody (Cell Signaling Technology) and anti-His-tag antibody 

571 (Bio-Rad). 
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572 

573 Construction of plasmids and DNA templates for RNA probes. The DNA 

574 templates 55nts+65A, 55nts, 65A, 55nts+45A, 55nts+25A, 25A, and BCoV-65nts 

575 for synthesis of RNA probes were produced by PCR. The template for the 65A 

576 and 25A containing 65 and 25 adenosine residues were generated by PCR using a 

577 primer containing 65 and 25 thymidine nucleotides, respectively, and a primer 

578 containing T7 promoter sequence plus 3 guanosine residues. Therefore, except 

579 for 3 guanosine residues, there is no extra non-adenosine residues in both RNA 

580 probes after in vitro transcription. To synthesize a DNA template containing the 

581 65-nt poly(A) tail and 19 non-poly(A) tail, a primer with sequence of 

582 5’-TGTAATACGACTCACTATAGGGCCAATTGAAGAAT-3’ and a primer with 

583 sequence of 5’-T(65) GTGATTCTTCAATTGG-3’ were used for PCR. Constructs 

584 actin-65nts for the RNA probe and His-tagged P-actin for in vitro translation 

585 were amplified by RT-PCR using RNA extracted from HRT-18 cells. To construct 

586 DI-EGFP, EGFP gene was inserted into BCoV DI RNA at the site between ORF 

587 la and N protein gene. For this, a DNA fragment containing the EGFP sequence 

588 and Hpal and Xbal restriction enzyme sites was amplified by an overlap PCR 

589 mutagenesis procedure, digested with Hpal and Xbal and ligated into Hpal and 

590 X£>al-linearized pDrepI to create pDI-EGFP. The resulting pDI-EGFP contained 

591 full-length EGFP and N protein gene. 

592 

593 Expression of recombinant proteins. For His-tagged N protein, pET32aN, 

594 which contains BCoV N protein gene, was transformed into Escherichia coli 
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595 BL21 (DE3) cells followed by inoculating into LB medium. The cells were then 

596 induced with isopropyl thio-|3-D-galactoside, harvested by centrifugation and 

597 resuspended in PBS and then sonicated. The supernatant containing the 

598 recombinant protein was purified through the 6xHis tag by immobilized metal ion 

599 affinity chromatography with EDTA-resistant Ni Sepharose excel resin (GE 

600 Healthcare) and loaded on a nickel-chelating column (GE Healthcare). Fractions 

601 containing N protein were dialyzed and collected. Because the expressed BCoV 

602 N protein also contains His-, Trx- and S-Tag coding sequences, the resulting 

603 molecular weight is estimated to be ~65 kDa. To obtain N protein without the 

604 His-tag, the tag along with Trx- and S-Tag was removed using PreScission 

605 protease (GE Healthcare). To purify His-tagged PABP, pET28aPABP, which 

606 contains PABP gene (GenBank accession no. NM_002568), was transformed into 

607 E. coli BL21 (DE3) pLysS cells and the following procedures were similar to 

608 those for expression of N protein as described above. 

609 

610 Electrophoretic mobility shift assay (EMSA) and dissociation constant (K d ). 

611 An in vitro transcription reaction for synthesizing 32 P-labeled RNA for EMSA 

612 was carried out using T7 RNA polymerase and [a- 32 P] ATP as specified by the 

613 manufacturer (Promega). To purify 32 P-labeled RNA, the synthesized l2 P-labeled 

614 RNA was separated on 6% sequencing gels, and passive elution was performed 

615 followed by phenol/chloroform extraction. The ,2 P-labeled RNA and N protein 

616 were added to the binding reaction containing 20 mM HEPES (pH 7.5), 6 mM 

617 MgCE, 1.5 pM EGTA, 22.5 mM NaCl. 330 mM KC1. 36% glycerol, 3.6 mM 
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618 DTT, 82.5 pg/ ml BSA, and 36% glycerol and incubated for 15 min at 37°C with 

619 1 U/rnl RNasin (Promega) (final concentration for ' 2 P-labeled RNA and N protein 

620 is 1 nM and 5 nM, respectively). Reactions with unlabeled competitor at 1-, 10- 

621 and 100-fold excess and non-specific yeast tRNA (0.1 mg/mL) were also 

622 performed in parallel. The RNA-protein complexes were resolved on a native 

623 polyacrylamide gel in TBE buffer (50 mM Tris, 45 mM boric acid, 0.5 mM 

624 EDTA) at constant voltage at room temperature, dried, and analyzed by 

625 autoradiography. To determine the binding affinity, a fixed concentration of 0.2 

626 nM 32 P -labeled RNA was titrated with protein (0, 14, 71, 143, 286, 533 nM), and 

627 the bound RNA-protein complexes were separated from unbound RNA using an 

628 8% polyacrylamide gel. Free and bound RNA were quantitated and fit to the Hill 

629 equation: RNA bound= b*[P]n/( Kd n +[PJ n ), where b is the upper binding limit, 

630 [PJ is the protein concentration, n is the Hill coefficient and Kd is the dissociation 

631 constant. GraphPad Prism was used. K d was calculated based on at least three 

632 independent experiments. 

633 

634 UV cross-linking of RNA to N protein. HEK-293T cells were mock-infected or 

635 infected with BCoV. After 16 h of infection, 32 P-labeled 65-nt poly(A) tail was 

636 transfected using Lipofectamine 2000 (Thermo Fisher Scientific) according to 

637 the manufacturer's instruction and at 2 h posttransfection cells were washed by 

638 phosphate-buffered saline (PBS). Cells were subjected to irradiation on ice for 5 

639 min at 254 nm with -4000 pwatts/cm 2 using a Spectrolinker (XL-1000, 

640 Spectrolinker™). Cell lysates were collected and treated with RNase mix 


o 

c 

D 

o 


Downloaded from http://jvi.asm.org/ on September 13, 2018 by guest 


cfWology JVI Journal of Virology Accepted Mdfl USCH pf Posted Oflllhe 


641 containiglOmM Tris (pH 7.5), 400 U/ml micrococcal nuclease, ImM CaCH, 1% 

642 aprotinin, 2 mg/ml leupeptin/pepstatin, lOOmM PMSF, 0.1 mg/ml RNase A and 

643 RNase Tl) at 37°C for 30 min. RNase-treated samples were centrifuged and 

644 supernatants were collected and pre-cleared for 1 h at 4°C by incubation with 

645 protein G beads (MagQu). The beads were then removed and imnrunoprecipitaed 

646 with an antibody against N protein at 4°C overnight followed by incubation with 

647 protein G beads for 4 h at 4°C using tilt rotation. After extensive washing, the 

648 RNA-protein complexes were resuspended in SDS-PAGE loading dye, resolved 

649 by SDS-PAGE, dried and visualized by autoradiography. 

650 

651 Immunoprecipitation and pull-down assay. His-tagged PABP (25 pg) was 

652 mixed with N protein in 100 pi binding buffer containing 50 mM sodium 

653 phosphate (pH 7.4), 300 mM NaCl, and 0.02% Tween 20, and Qbeads-NTA-Ni 

654 (MagQu) were added. The mixture was incubated with tilt rotation for 30 min at 

655 room temperature. The beads were washed 3 times with 1 ml binding buffer 

656 containing 50 mM sodium phosphate (pH 7.4), 300 mM NaCl, and 0.02% Tween 

657 20. Proteins bound to the beads were eluted in SDS sample buffer, resolved by 

658 SDS-PAGE and analyzed by western blotting. The same method was employed to 

659 analyze proteins from cell lysates interacting with His-tagged N protein or 

660 His-tagged PABP in the presence or absence of RNase mix. Immunoprecipitation 

661 assay with N antibody bound to the protein G-coated magnetic beads followed by 

662 incubation with infected cell lysates was performed according to 

663 the manufacturer's instructions (MagQu). Proteins bound to the beads were 
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664 analyzed by immunoblotting with antibody against eIF4G. 

665 

666 Biotinylated RNA pull-down assays. To synthesize RNA labeled with biotin, the 

667 DNA template containing the 65-nt poly(A) tail and 19 non-poly(A) tail nts or 

668 only 19 non-poly(A) tail nts was used for in vitro transcription with T7 

669 polymerase (Promega) in the presence of a biotin-UTP labeling NTP mixture 

670 (Roche), as recommended by the manufacturer. After purification, biotinylated 

671 RNA was incubated with cell lysates in TE buffer. After incubation at room 

672 temperature for 30 min, a streptavidin suspension (MagQu) was added to the 

673 mixture and incubated for 30 min at room temperature followed by three washes 

674 with binding buffer. The protein-associated beads were boiled with SDS-PAGE 

675 loading buffer for 5 min and analyzed by immunoblotting. 

676 

677 In vitro and in vivo translation assays. Capped transcripts for in vitro 

678 translation were prepared using the T7 mMessage mMachine kit (Ambion), 

679 according to the manufacturer’s protocol. For the in vitro translation assay, 1 pg 

680 of capped transcript was added to a mixture containing 17.5 pi rabbit reticulocyte 

681 lysate (RRL) (Promega), 20 U RNasin RNase inhibitor (Promega), 1 pi amino 

682 acid mixture minus methionine and 20 pCi [ 35 S]-methionine. After incubation at 

683 30°C for 1 h, the samples were resolved by 10% SDS-PAGE. The gel was then 

684 dried and exposed to Kodak XAR-5 film. The films were scanned and quantified 

685 with ImageJ software (NIH, Bethesda, MD). For a loading control, 1 pg of each 

686 capped transcript was resolved on a formaldehyde-agarose gel and stained with 
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687 ethidium bromide, followed by band density quantitation using ImageJ software 

688 (NIH, Bethesda, MD). For the effect of N protein on translation of DI-EGFP in 

689 vivo, HEK-293T cells were independently transfected with 3 pg of N protein or 

690 the His-tagged P-actin transcript using Lipofectamine 2000 (Thermo 

691 Fisher Scientific) according to the manufacturer's instruction. After 8 h of 

692 transfection, HEK-293T cells were transfected with 3 pg of DI-EGFP. Cell 

693 lysates were collected after 3, 8 and 16 h and equivalent amounts of cell lysates 

694 were analyzed by immunoblotting. The amounts of translated products were 

695 normalized with loading control GAPDFI and the amounts of DI-EGFP RNA 

696 quantified by RT-qPCR. For the effect of N protein on coronavirus translation in 

697 vivo, HEK-293T cells were independently transfected with 3 pg of N protein or 

698 the His-tagged P-actin transcript. After 8 h of transfection, HEK-293T cells were 

699 infected with BCoV. Cell lysates were collected at the time of postinfection as 

700 indicated in Fig. 4F and equivalent amounts of cell lysates were analyzed by 

701 immunoblotting. The amounts of translated products were also normalized with 

702 loading control GAPDH and the amounts of BCoV genomic RNA quantified by 

703 RT-qPCR. For the effect of N protein on host protein synthesis, HEK-293T cells 

704 were mock transfected or independently transfected with N protein or the 

705 His-P-actin transcript. After 1 h, HEK-293T cells were incubated in medium in 

706 the presence or absence of actinomycin D (Thermo Fisher Scientific) for 8 h and 

707 incubated with methionine-free medium for 30 min followed by 20 pCi of 

708 [ 35 S]-methionine for 1 h. The cells were then collected and equivalent amounts of 

709 cell lysates were analyzed by SDS-PAGE gel. The gel was exposed to X-ray film 
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710 or Coomassie blue-stained followed by the quantification with ImageJ software 

711 (NIH, Bethesda, MD). The amounts of [ 35 S]-methionine-labeled host proteins 

712 were then normalized with the amounts of Coomassie blue-stained proteins and 

713 GAPDH mRNA quantified by RT-qPCR. 

714 

715 Statistical analysis. Student’s unpaired t test was used for statistical analysis of 

716 the data using Prism 6.0 software (GraphPad Software, Inc.). The values in the 

717 study are presented as the mean ± SD (n = 3); *p<0.05, **p<0.01 and 

718 ***p<0.001. 
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FIGURE LEGENDS 


885 Fig. 1. Coronavirus N protein binds to poly(A) tail with high affinity. (A) 


886 Schematic diagram showing the position of the poly(A) tail in the coronavirus 
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887 genome. (B) E. col i-expressed coronavirus N protein (~65 kDa) stained with 

888 Coomassie blue (left panel) or analyzed by immunoblotting (right panel). (C) EMSA 

889 showing the binding specificity of the 65-nt poly(A) tail with N protein. Unlabeled 

890 competitor was at 1-, 10- and 100-fold excess and non-specific yeast tRNA (0.1 

891 mg/mL) were also performed. (D) and (E) Upper panel: EMSA showing binding 

892 experiments using a fixed concentration of 32 P-labeled 65-nt poly(A) tail with 

893 increasing amounts (0, 14, 71, 143, 286, 533 nM) of N protein (D) or PABP (E). 

894 Complexes 1-4 in (D) were predicted to consist of 1-4 N proteins, respectively, 

895 and 32 P-labeled 65-nt poly(A) tail, while complexes 1-4 in (E) were predicted to 

896 consist of 1-4 PABPs, respectively, and 32 P-labeled 65-nt poly(A) tail. Lower panel: a 

897 plot of a fraction of bound RNA against the protein concentration is presented for the 

898 gel in the upper panel and fits the Hill equation for Kd determination. (F) RNA probes 

899 used for determination of the binding affinity with N protein and PABP. (G) The Kd 

900 value of RNA probes illustrated in (F) with N protein and PABP. Values in (D), (E) 

901 and (G) represent the mean±SD (n=3) of three independent experiments. 

902 

903 Fig. 2. N protein competes with PABP for binding to the poly(A) tail. (A) Upper 

904 panel: in vitro analysis for preferential binding of the 32 P-labeled 65-nt poly(A) tail in 

905 an environment containing various molar ratios of N protein to PABP by EMSA (lanes 

906 2-14). Lane 1: 2 P-labeled RNA only. Gels were spliced for labeling puiposes. Lower 

907 panel: the relative binding percentage of N protein and PABP with the poly(A) tail 

908 was determined according to the results shown in the upper panel. (B) Identification 

909 of the binding of PABP and N protein with poly(A) tail in vivo. The 32 P-labeled 65-nt 

910 poly(A) tail was transfected into cells followed by UV cross-linking and 

911 immunoprecipitation using an anti-PABP (left panel) or anti-N protein (right panel) 

912 antibody. The resulting products were analyzed by SDS-PAGE and autoradiographed. 
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913 Values in (A) represent the mean±SD (n=3) of three independent experiments. 

914 

915 Fig. 3. Molar ratio of N protein to PABP in subcellular fractions during infection. 

916 (A-B) Upper panel: N protein and PABP immunobloting analysis for the cytosol (A) 

917 or membrane (B). Middle and lower panel: molar ratio of N protein to PABP and 

918 relative percentage between N protein and PABP, respectively. The amounts of N 

919 protein and PABP were measured as follows. Different known concentrations of N 

920 protein and PABP were identified by immunobloting using antibodies against both N 

921 protein and PABP. The signals were scanned densitometrically and then plotted 

922 against the concentration to obtain a standard curve for the quantitation of N protein 

923 and PABP shown in upper panel. Values in (A) and (B) represent the mean+SD (n=3) 

924 of three independent experiments, hpi, hour postinfection. 

925 

926 Fig. 4. Translation inhibition of coronaviral RNA by N protein. (A) Diagram of 

927 the BCoV genome, BCoV DI RNA and its derivative DI-EGFP. DI-EGFP was 

928 employed for the following translation analyses. (B) Left panel: in vitro- synthesized 

929 fusion protein (top) from 1 pg of input DI-EGFP RNA transcript with the 65-nt 

930 poly(A) tail (Ipt. DI.) (middle), which was preincubated first with 0, 2 and 4 pM of N 

931 protein (bottom) and then subjected to in vitro translation in RRL. Right panel: 

932 relative levels of in vz/ro-synthesized DI-EGFP fusion protein. The values shown are 

933 relative to the amount of synthesis in the absence of N protein (i.e., 0 pM of N 

934 protein). (C) Left panel: in v/tro-synthesized fusion protein (top) from 1 pg of input 

935 poly(A) tail-deficient DI-EGFP RNA transcript (Ipt. DI.) (middle), which was 

936 preincubated with 0, 2 and 4 pM of N protein (bottom) and then subjected to in vitro 

937 translation in RRL. Right panel: relative levels of in vitro-synthesized DI-EGFP 

938 fusion protein. The values shown are relative to the amount of synthesis in the 
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939 absence of N protein (i.e., 0 pM of N protein). (D) Left panel: diagram showing the 

940 experimental procedures to determine the effect of N protein on the translation 

941 efficiency of DI-EGFP (with 65-nt poly(A) tail) in vivo. Right panel: immunoblotting 

942 showing the synthesis of the fusion protein from DI-EGFP in the presence of N 

943 protein or His-(3-actin at different times posttransfection. The levels of DI-EGFP RNA 

944 and 18S rRNA were similar between the groups at the same time point as quantified 

945 by RT-qPCR. (E) Relative levels of in vivo fusion protein synthesis based on the 

946 results of the right panel in (D). The values shown are relative to the amount of 

947 synthesis in the presence of His-()-actin at each time point. (F) Left panel: diagram 

948 showing the experimental procedures to determine the effect of N protein on the 

949 translation efficiency of BCoV nspl in vivo. Right panel: immunoblotting showing the 

950 synthesis of BCoV nspl in the presence of N protein or His-[)-actin at different times 

951 posttransfection. The levels of viral genome (BCoV gRNA) and 18S rRNA were 

952 similar between the groups at the same time point as quantified by RT-qPCR. (G) 

953 Relative levels of BCoV nspl in vivo based on the results of the right panel in (F). The 

954 values shown are relative to the amount of synthesis in the presence of His-P-actin at 

955 each time point. Values in (B), (C), (E) and (G) represent the mean±SD (n=3) of three 

956 independent experiments. *p<0.05, **p<0.01, ***p<0.001 by an unpaired Student t 

957 test. RRL, rabbit reticulocyte lysate; Ipt. DI., input DI-EGFP RNA transcript; pt, 

958 posttransfection; N, N protein; P, His-P-actin. 

959 

960 Fig. 5. Translation inhibition of cellular mRNA by N protein. (A) Left panel: in 

961 vi'/ro-synthesized P-actin (top) from 1 pg of input P-actin RNA transcript with the 

962 65-nt poly(A) tail (Ipt. P-act.) (middle), which was preincubated first with 0, 2 and 4 

963 pM of N protein (bottom) and then subjected to in vitro translation in RRL. Right 

964 panel: relative levels of in vz/ro-synthesized P-actin. The values shown are relative to 
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965 the amount of synthesis in the absence of N protein (i.e., 0 pM of N protein). (B) Left 

966 panel: in vrYro-synthesized [Vac tin (top) from 1 ug of the input poly(A) tail-deficient 

967 p-actin RNA transcript (Ipt. P-act.) (middle), which was preincubated with 0, 2 and 4 

968 pM of N protein (bottom) and then subjected to in vitro translation in RRL. Right 

969 panel: relative levels of in v/tro-synthesized P-actin. The values shown are relative to 

970 the amount of synthesis in the absence of N protein (i.e., 0 pM of N protein). (C) 

971 Effect of expressed N protein on translation of host mRNAs in vivo. After mock 

972 transfection or independent transfection of His-P-actin and N protein RNA transcripts 

973 into HEK-293T cells in the absence or presence of actinomycin D followed by 

974 [ 35 S]-methionine, equal amounts of cell lysate were analyzed by SDS-PAGE, which 

975 was exposed to x-ray film (left panel) or stained with Coomassie blue (right panel). 

976 The levels of host rnRNA (represented by GAPDH mRNA) and 18S rRNA shown in 

977 the left panel were quantified by RT-qPCR. (D) Relative levels of host protein 

978 synthesis based on the results of the left panel of (C). The values shown are relative to 

979 the amount of synthesis in the absence of transfection (i.e., mock transfection). Values 

980 in (A), (B) and (D) represent the mean±SD (n=3) of three independent experiments. 

981 ***p<0.001 by an unpaired Student t test. RRL, rabbit reticulocyte lysate; ipt. p-act., 

982 input P-actin RNA transcript. 

983 

984 Fig. 6. Interactions between poly(A) tail, N protein and PABP. (A) Interactions of 

985 the poly(A) tail with N protein and/or PABP in mock-infected or infected cell lysates. 

986 Proteins from mock-infected or infected cell lysates interacting with a biotinylated 

987 poly(A) tail were pulled down by streptavidin followed by immunoblotting using 

988 antibodies against PABP and N protein. The upper and lower asterisks in lanes 1, 9 

989 (from streptavidin pull-down samples of infected cell lysates) and 3 (from infected 

990 cell lysates) indicate cellular PABP and coronaviral N protein, respectively; the 


D 

o 


Downloaded from http://jvi.asm.org/ on September 13, 2018 by guest 


Journal of Virology JVI Journal of Virology Accepted ManUSCTipFPoSted Onlme 


991 asterisk in lane 4 (from mock-infected cell lysates) indicates cellular PABP; the 

992 asterisks in lanes 5 and 6 indicate E. coli-ex pressed N protein and PABP, respectively; 

993 the asterisk in lane 7 indicates untagged N protein; the asterisk in lane 10 (from 

994 streptavidin pull-down samples of mock-infected cell lysates) indicates cellular PABP 

995 (B) His-tagged PABP (left panel) and untagged N protein (right panel) were expressed 

996 in E. coli, analyzed by SDS-PAGE and stained with Coomassie blue. (C) Pull-down 

997 assay to determine direct binding between PABP and N protein. His-tagged PABP was 

998 bound to Ni-NTA beads and mixed with untagged N protein. The pull-down materials 

999 were detected by immunoblotting using an antibody against N protein (left panel) or 

1000 PABP (right panel). (D) Pull-down assay using His-tagged N protein (left panel) or 

1001 His-tagged PABP (right panel) to assess its interaction with PABP or N protein, 

1002 respectively, in infected cell lysates. Bound proteins from lysates were analyzed by 

1003 immunoblotting with an antibody against PABP (left panel) or N protein (right panel). 

1004 The arrow indicates the position of PABP (left panel) and N protein (right panel). PD, 

1005 pull down; IB, immunoblotting. 

1006 

1007 Fig. 7. Interactions of poly(A) tail and N protein with cellular eIF4G and 

1008 coronavirus nsp9. (A) The poly(A) tail interacts with cellular eIF4G and coronavirus 

1009 nsp9. Infected cell lysates were incubated with the biotinylated poly(A) tail and pulled 

1010 down by streptavidin followed by immunoblotting with antibodies against eIF4G (left 

1011 panel) and nsp9 (right panel). Coronavirus nsp9 (12 kDa) and cellular eIF4G (220 

1012 kDa), indicated by an arrow in lane 1 of the left and right panels, respectively, were 

1013 identified. (B) Ni-NTA beads pull-down assay using the His-tagged N protein 

1014 followed by immunoblotting with an antibody against eIF4G to determine interaction 

1015 between N protein and eIF4G. The arrow indicates the position of 220-kDa eIF4G. (C) 

1016 Protein G beads pull-down assay followed by immunoblotting with an antibody 
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1017 against eIF4G to determine interaction between N protein and eIF4G. The arrow 

1018 indicates the position of 220-kDa eIF4G. (D) Ni-NTA beads pull-down assay using 

1019 the Flis-tagged N protein followed by immunoblotting with an antibody against nsp9 

1020 to determine interaction between N protein and nsp9. The arrow indicates the position 

1021 of 12-kDa nsp9. PD, pull down; IB, immunoblotting. 

1022 

1023 Fig. 8. Interactions of the poly(A) tail and N protein with cellular eIF4E. (A) 

1024 Interaction of the poly(A) tail-bound N protein with eIF4G and eIF4E in 

1025 mock-infected cells. Lanes 1-6 in panels 1 and 2: A fixed concentration (25 nM) of 

1026 biotinylated RNA consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail 

1027 was first incubated with increasing amounts (2, 4, 6 uM) of PABP (lanes 1-3) or N 

1028 protein (lanes 4-6) and then with mock-infected cell lysates followed by a streptavidin 

1029 pull-down assay and immunoblotting. Values in panels 1 and 2 represent the mean 

1030 percentage of three independent experiments but SD is not shown. Lanes 1-6 in panels 

1031 3 and 4: Detection of input PABP (panel 3) and N protein (panel 4) bound by 

1032 biotinylated RNA. A fixed concentration (25 nM) of biotinylated RNA consisting of 

1033 19 non-poly(A) nts followed by the 65-nt poly(A) tail was incubated with increased 

1034 amounts (2, 4, 6 pM) of PABP (lanes 1-3) or N protein (lanes 4-6) followed by a 

1035 streptavidin pull-down assay and immunoblotting. Lanes 1-6 in panels 5 and 6: 

1036 Detection of eIL4G and eIL4E by immunoblotting from uninfected cell lysates used 

1037 for the aforementioned streptavidin pull-down assay. Lane 7 in panels 1 and 2: The N 

1038 protein was incubated with mock-infected cell lysates followed by an Ni-NTA bead 

1039 pull-down assay and immunoblotting. Lane 8 in panels 1 and 2: Biotinylated RNA 

1040 consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail was incubated 

1041 with mock-infected cell lysates followed by a streptavidin pull-down assay and 

1042 immunoblotting. Lanes 7-8 in panels 5 and 6: Detection of eIL4G and eIL4E from 

39 
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1043 mock-infected cell lysates used for the aforementioned Ni-NTA bead (lane 7) or 

1044 streptavidin (lane 8) pull-down assay by immunoblotting. (B) Interaction of the 

1045 poly(A) tail with eIF4G and eIF4E in BCoV-infected cells. Panels 1-4: Lanes 3-6, 

1046 biotinylated RNA consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail 

1047 was incubated with BCoV-infected cell lysates collected at 0, 8, 16 and 24 hpi 

1048 followed by a streptavidin pull-down assay and immunoblotting. Lane 1, uninfected 

1049 cell lysates only; Lane 2, infected cell lysates only. Lanes 7 and 8, the streptavidin 

1050 beads were incubated with infected (lane 7) or uninfected (lane 8) cell lysates 

1051 followed by a streptavidin pull-down assay and immunoblotting. Values in panels 1 

1052 and 2 represent the mean percentage of three independent experiments but SD is not 

1053 shown. Panels 5 and 8: Detection of N protein, nsp9, eIL4G and eIL4E by 

1054 immunoblotting from uninfected or infected cell lysates used for the aforementioned 

1055 streptavidin pull-down assay. PD, pull down; IB, immunoblotting. hpi, hour 

1056 postinfection. 

1057 

1058 Fig. 9. Proposed model for the regulation of gene expression in corona viruses. (A) 

1059 The poly(A) tail of the coronavirus genomic RNA binds to PABP followed by eIL4G 

1060 and eIL4E, leading to translation. (B) N protein can bind to the poly(A) tail of 

1061 coronavirus genomic RNA and interact with eIL4G but not with eIL4E, leading to 

1062 translation inhibition. 

1063 
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